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Synchrotron-based microprobe techniques were used to obtain systematic information about the size
distribution, spatial distribution, shape, electrical activity, chemical states, and origins of iron-rich
impurity clusters in multicrystalline silicotmc-Si materials used for cost-effective solar cells. Two
distinct groups of iron-rich cluster have been identified in both materialg¢he occasional large
(diameter=1 um) particles, either oxidized and/or present with multiple other metal species
reminiscent of stainless steels or ceramics, which are believed to originate from a foreign source
such as the growth surfaces, production equipment, or feedstock(baridle more numerous,
homogeneously distributed, and smaller iron silicide precipitdtiameter <800 nm, often

<100 nm), originating from a variety of possible formation mechanisms involving atomically
dissolved iron in the melt or in the crystal. It was found that iron silicide nanoprecipitates account
for bulk Fe concentrations as high as'4010'° cm™ and can have a large negative impact on
device performance because of their high spatial density and homogeneous distribution along
structural defects. The largdiameter=1 um) particles, while containing elevated amounts—if not

the majority—of metals, are low in spatial density and thus deemed to have a low direct impact on
cell performance, although they may have a large indirect impact via the dissolution of Fe, thus
assisting the formation of iron silicide nanoprecipitates. These results demonstrate that it is not
necessarily the total Fe content that limits the mc-Si device performance but the distribution of Fe
within the material. ©2005 American Institute of PhysidDOI: 10.1063/1.1866489

I. INTRODUCTION fusion length inp-type silicon, the base material for the vast
In terms of peak power, over 50% of the worldwide solarmajority of crystalline silicon photovoltaiPV) devices. Just
cell market is based on multicrystalline silicéme-Si.t Itis ~ ~2x 102 cm 2 of interstitial Fe(Feg) or ~2x 10 of iron—

known that even minute concentratiopns1 ppb (parts per  boron(Fg—B,) pairs in single-crystalline silicon can reduce
10°)] of iron can drastically reduce the minority-carrier dif- the minority-carrier diffusion length to 50m (7~1 us),
which is lower than the desirable value for most PV devices
dAuthor to whom correspondence should be addressed; present addresf reasonable efficienciésDespite this fact, recent neutron
Lawrence Berkeley National Laboratory, Mail Stop 62R0203, 1 Cyclotron activation analysis(NAA) data on several commercially

Road, Berkeley, CA 94720; FAX:+1-510-486-4995; electronic mail: . : . ;
buonassisi@alumni.nd.edu available mc-Si solar cell materials reveal Fe concentrations
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as high as 1¥-10' cm33* The question naturally arises as

to how mc-Si can contain so much iron yet manage to

achieve reasonable operating efficiencies. Deep-level tran-

sient spectroscopy/microwave photoconductive decay

(DLTS/u-PCD) measurements® typically reveal only ‘ _ _

10'-10' cm3 of Fg or Fg—Bs in mc-Si. Hence, the ma- Vertical  Horizontal

L . . . Wafer (y,z) Wafer (x,y)

jority of iron should be in agglomerates or precipitates,

which are less detrimental to solar cell performance tharg. 1. pictorial representation of the cast multicrystalline silicon ingot.

interstitial iron. coordinate depicts the crystal-growth directiofY plane represents the
The |mpact of Fe on device performance is shown herelﬁolldlflcatlon front. From this ingot, verticdmiddle) and horizonta(right)

[ . wafers can be extracted.

to depend on the nature and the distribution of Fe contami-

nation in mc-Si, rather than the total Fe concentration. Up

until recently, a precise experimental determination of the;ontal slices of the ingot, as depicted in Fig. 1. Some of these

nature and distribution of Fe had been challenging. AlthougRyafers were fabricated into solar cells and characterized by

Fe-rich clusters can have a strong impact on electrical megzger-heam induced currefitBIC) at the Fraunhofer Insti-

f#rementds,tthflrt)lsmtall S|z(ats100-nm dlgmeterlr?ndlerf lute for Solar Energy Systems in Freiburg, Germany. Re-
1em undetectable 1o most macroscopic anatical 1eChy, o of jnterest towards the bottom of the ingot were se-
niques. In addition, their inhomogeneous spatial dIStrIbutIOI‘]g

. . g f the low LBI ignal indicatin r
and relatively low density can make them difficult to deteCtn(:(:t((:?ialbe(::rl:‘z(ramgnctee Soam IesCas groiima?efat]lgn”goo
in transmission electron microscopy. In contrast, P ' P pp A

synchrotron-based analytical microprobe tools provide botH/¢'® extrgct_ed from these regions of interest in the processed
the sensitivity and the large scanning volumes necessary tafers. Similar samples were also extracted from these same
detect and characterize multiple nanometer-sized metal cluécations in the unprocessed sister Wafere., wafers ex-

ters within a silicon matriv® Since the advent of tracted from neighboring slices of the ingoThe metalliza-
synchrotron-based analytical microprobe techniques, therdon and antireflection coating were removed, and all samples
have been reports of Fe-rich clusters in a variety of mc-Swere slightly etched to remove possible surface contamina-
materialst®**yet little effort has been invested into system- tion.

atically characterizing these clusters and drawing meaningful  The synchrotrons utilized throughout this study are the
physical trends from the data. Advanced Photon SourddPS) at Argonne National Labo-

In this study, synchrotron-based microprobe techniquesatory, and the Advanced Light Sour€ALS) at Lawrence
were used to systematically characterize iron-rich precipiBerkeley National Laboratory. Specifically, ALS beamlines
tates and inclusions affecting two very different types 0f10.3.1 (Ref. 21 and 10.3.2(Ref. 22, and APS beamlines
mc-Si solar cell materials: directionally solidified cast mc-Si2-|p-D (Refs. 23 and 24and 20-ID-B(Ref. 25 were em-
and AstroPower SiliconFilm™ sheet material. Directionally poyed in these investigations. At these beamlines, state-of-
solidified mc-Si mater!éF can take days to cool down after the.art analytical x-ray microprobes can achieve spot sizes of
being casted na typical 200-300-kg ingot. SiliconFilm™ 504 ym_5,m in diameter. A small beam size, high flux,
sheet mate_:rlé'f is grown by a different process, iNVOVINg 54 yitralow bremsstrahlung background allow one to
lower-quality feedstock and high crystal-growth rates, WhIChachieve the high sensitivity necessary to detect very small

produces 600-80@m-thick sheets of mc-Si material. A metal clusters. On the other hand, given a typical accumula-
I;lion time at each spot on the order of a second, only small

throughput, low-cost process has the potential to Signifi_areas of a sampléypically from several hundreds to several

cantly reduce the price of P\%it also results in higher den- thousands oﬁmf) can be mapped if a step size comparable
sities of structural defed®and increased impurity content in [© the beam size is used. Since the area of a solar cell is
the material, including carbon- and oxygen-related deféfts Much larger, one has to use a complementary technique to
and transition meta*® Through the analysis of Fe-rich in- identify the underperforming regions of the cell for further
clusions and precipitates in both cast and sheet mc-Si matévestigation. This can be done by a large, undersampled
rials, certain trends were observed, which elucidate the oriti.e., with a step size much larger than the x-ray beam spot
gins of iron contamination, the mechanisms for incorporatingsize maps of the recombination activity takémsitu by the
large amounts of Fe into mc-Si, quantitative informationx-ray beam induced currerXBIC) techniquel,3 which is
about the distribution of Fe in mc-Si, and the impacts of sucrcomparabl&® with the LBIC technique.
contamination on solar cell performance. After a region of interest in the sample is identified by
XBIC, x-ray fluorescence microscopyu-XRF) scans are
performed with a much smaller step size to search for metal-
rich clusters embedded in the silicon matrix. The detection
The sheet material used in this study was provided byimit of the u-XRF technique is dependent upon the spot
AstroPower, out of which samples of approximately 1 size, accumulation time, and overall bulk sensitivity of the
X 2 c? were extracted. Cast mc-Si wafers, grown by asystem, which can depend on the detector, x-ray flux, and
commercial supplier, were cut from both vertical and hori-geometry of the systeﬁ’?. The total number of Fe atoms

Il. MATERIALS AND METHODS
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contained within one precipitatéNp,.) located near the 05 IXRE:
s_ample surface can be determined via the following equa- ¢4 160 o4 s
tion: 03 2120 P2« -}80
C C(CtS/ 9 E .g P3 - - 18880
Npredatoms = —- =2 ([Fe]¢ (g/cn? o2 &
predatomg = < 2 ([Felsidglent) ” "
X [Dgatoms/gl[A(cn?)]. (1) ol o c?a
0 01 02 03 04 05 0 40 80 120
Cprec @and Cgiq correspond to the measured XRF ke (@) mm (b) microns

counts, normalized to acquisition time, for the precipitate ofFIG 2. (&) Typical XBIC | . . | i

; ; ; . 2. (a) Typical image of a cast mc-Si sample extracted from a
Interest and standard sample, re_SpeCtl\_'{a?_]Std IS_ the areal fully processed vertical wafesee Fig. 1 near the bottom of the ingot. The
Fe dens_'W in the standard mate”all_WhK_:h IS typlgally a NISTarrow in (a) points to a recombination-active grain boundary, a region of
1833 foil for x-ray fluorescence calibration, provided by thewhich was analyzed by-XRF in (b). Fe-rich clusters are found along the
National Institute of Standards and Technolcfg}JST). Dsg grain boundary, highlighted by the arrow and the dotted linéojnProper-

- jes of the Fe-rich clusters labeled “P1"-“P4” are summarized in Table I.
repre;ents ,the number_Of Fe atoms per. unit mass of Standa:@ie the log scale of the-XRF FeKa signal intensity, indicating that P2
material. A is the full width at half maximumFWHM) of has approximately two orders of magnitude higher counts than the others.
the x-ray beam spot size. Additional correctidnst shown
herg may be introduced to account for the depth of the prejgcieq to be comparable to or smaller than the beam spot

cipitate from the sample surface, and for the flare, i.e., thgjze in order to avoid overabsorption and hole effects when

percentage of x rays falling outside of the FWHM. measuring the:-XAS spectra in fluorescence and transmis-
To convertNpc into more meaningful quantities, such g5 modes respective?fl.

as the radius of the precipita{&, assuming a spherical By using this suite of x-ray microprobe analytical tech-

geometry, the following equation is used: niques, the recombination activity, spatial distribution, el-
3 Npofatomg |¥3 emental composition, size, morphology, and chemical state
Rpredcm) = (2 of iron-rich nanoclusters in silicon can be studirditu with

4m Dpredatoms/err) a submicron spatial resolution.

where Dp is the density of the compountk.g., FeSj _
Fe,0s, etc) composing the precipitate, in terms of Fe atoms!!l: RESULTS: CAST mc-Si MATERIAL

per unit volume. _ . _ XBIC maps reveal certain grain boundaries with excep-
For typical experimental conditions — with @ tionally high recombination activity in both processig.
200-nm-diameter beam and an accumulation time of 1 s, W8 (a)] and unprocessedFig. 3(a)] material. Multiple iron-rich
have detected iron silicide clusters with radius of 23+5 nmy|ysters are detected hy-XRF at these locations, as the
while the noise-limited detection limit for the same condi- maps in Figs. @) and 3b) demonstrate. These iron-rich
tions was estimated to be 16+3 nm for Fe particles near thgjysters populating grain boundaries can be divided into two
sample surface. Because thel&e fluorescence at 6.4 keV gistinct types, with distinct physical properties. Firstly, while
decays exponentially within the silicon matrix with an at- the vast majority of iron-rich clusters are smfalg., P1, P3,
tenuation lengthidecay constantof approximately 3&m,  and P4 in Fig. gb), and all particles in Fig. ®)], some rare
the sensitivity of u-XRF decreases for particles embedded.|sters have nearly two orders of magnitude highetRF
deeper within the sample. The dgpth of the particl_es from theg-g countsfe.g., P2 in Fig. B); note the log scale of Fe
sample surface can be determined and taken into accoupbncentratioh An analysis byu-XAS reveals that the clus-
during calculations of the particle size by either performing agrs with smaller Fe counts are composed of iron silicide
rotation experimefif or by comparing the relative ampli- (FeSp), while the clusters with much larger Fe counts are

tudes of the F&« and FeK g3 peaks in the fluorescence spec- composed of oxidized irofFe,0s), as shown in Figs. @)
tra. The latter technique utilizes the fact thatke and 5,9 4b), respectively.

FeKB emissions have different energié&4 and 7.06 keV,
respectively, and thus different attenuation lengtf& and 1

. . - . XBIC (a.u.)
48 um, respectively. Particles within one attenuation length ¢ 1800
from the surface of the sample are easily detected. High-€ | - I
resolutionu-XRF measurements can also elucidate the mor- ¢ - R
phology of these metal-rich clusters, provided that they are@ ~ mm

. -XRF
comparable to or larger than the beam spot size. @5 Ferka (a.1)
After metal-rich clusters of interest are located via § e
u-XRF, their chemical state is assessed via x-ray absorptior€ .5
5

; 28 : 0 10 15 20 25 30 35
microspectroscopyu-XAS).”” By using a monochromator () ilirons

to vary the energy of the x-ray beam with an energy resolu-

tion of 1 eV or better, the x-ray absorption spectrum of theFIG. 3. (a) Large area XBIC andb) high-resolutionu-XRF map of the iron

iron particle is compared against the absorption spectra (ﬂcistribution at a grain boundary in as-grown cast mc-Si. Several, FefD-
precipitates are observed. Although some clustering is evident on a micron

CommerCia”y ava”&_’-ble standard materials such @QEand scale, on a larger scale these Reinoprecipitates are distributed rather
FeS}. Powder particles from the standard materials are sehomogeneously.
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(b) 10 Tl En—g:gzy (kZJ)S T4 FIG. 5. Typical u-XRF point scans for the two types of Fe-rich cluster in

cast mc-Si(a) Smaller FeSi clusters, without detectable quantities of other

. . . _metals, andb) larger FgO; particles, wherein iron is accompanied by other
FIG. 4. u-XAS data discern two types of Fe-rich cluster in cast mc-Si glements reminiscent of ceramics, dirt, and furnace components.
material:(a) smaller iron silicide(FeSp) and (b) larger iron oxide(Fe,O3).

Data labels(P1, P2,..) correspond to precipitates viewed in theXRF  as-grown material can Ni and Cu be found precipitated in the

image, Fig. 20), and parameterized in Table I. immediate vicinity of FeSiin detectable quantities, but not
Cr, Mn, Ti, or Ca.
The average sizes of these two types of iron-rich cluster, Additionally, the morphologies and orientations of these

tabulated in Table | indicate that the Fg8lusters are indeed EWO tgpes ?f cluster ?rebvery d]istmcI: -:;he "'?“9‘;’2“3? cIIus— th
smaller than the FE©; clusters, as their relative-XRF Fe ers do not appear to be preterentially oriented along the

. grain boundary or the crystal-growth direction, as evidenced
count rate in F|g.. _Eb) would suggest. . by the nearly symmetric values of their spatial dimensions
) The compositions qf these clustgrs also differ, as deter@]iven in Table I. However, the FeSparticles are elongated
mined by theu-XRF point scans. While the k@ clusters  514nq the grain boundary only in the direction of the crystal
show appreciable amounts of other contaminants such as Cdrowth, by a factor of at least 3—4, as reported in Table | and
Mn, and C&[Fig. 5(b)], the smaller FeSiclusters show none  depicted graphically in Fig. @Note that a spatial dimension
of these above thg-XRF detection limit[Fig 5a)]. Only in iy Table | of 200—300 nm corresponds to the diameter of the

beam, indicating that these values may, in fact, be much
TABLE |. Dimensions and chemical states of various Fe-rich clusters de—sma”er) The pOSSIble nature of these elongated Em'

tected byu-XRF along a strongly recombination-active grain boundary in ticles is discussed in Sec. V B.
cast mc-Si material. Dimensioné and Y are perpendicular to the crystal- The distributions of these clusters also differ. While the

growth direction of the directionally solidified cast multicrystalline silicon |arge FgO, clusters are inhomogeneously distributed, the
ingot, whileZ is parallel to the growth direction, as shown by Fig. 1 and the smaller Fe%i clusters appear to be more regularly spaced.

insets in Fig. 6. Dimensions were determined by the full width at half . . . . . f
maximum of the Fe concentration extracted from high-resolutieXRF While high-resolutionu-XRF mapdi.e., Fig. 3, showinda)

line scans, while chemical states were measured witkAS. Notice the ~ XBIC and (b) u-XRF maps along a recombination-active
elongation of FeSiclusters along the crystal-growth directi¢d dimen-  grain boundary of an as-grown horizontal wdféypically
sion). Clusters P1-P4 are shown in FigbR and the line scans across P3 show some microscopic C|ustering among Ee‘&inoprecipi_
are shown in Fig. 6. Note also that the beam spot size is roughly 200 NMyi05 o 3 length scale of hundreds of microns, these nano-
thus dimensions given as 200—300 nm may in reality be much smaller. L . . .

precipitates are fairly regularly spaced. Taking into account
the attenuation length of the Rex fluorescence in Si, one
calculates a FeSiprecipitate density of1.5—2 x 1f/cn?
P1 FeSj 290 547 of grain-boundary surface area in Fig. 3, resulting in an av-

Cluster label ~ Chemical state X diameter(nm)  Z diameter(nm)

Eg ';22; :538 ?ig erage spacing between precipitates of 7B along the

pa Fes; \275 77 grain boundary. The typical number of iron atqms in each of

P5 FeO, 1450 1800 thfese nanoprempl_tates gt the grain boun_darles was deter-
P6 FeSj <200 570 mined, by comparison with standard material and use of Eq.

(1), to be(2.9-3.6 x 1.
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) FIG. 7. XBIC map of a typical region of Al-gettered sheet material. Features
t 0.4 of interest include recombination-active grain boundaries and pointlike in-
§ tragranular defects. The dark regions in the map correspond to the areas with
4 0.2 \ high recombination activity.

0 - ..-l..nla-r'. ; x-\.'III'I"."lI

X 0 500 X1°°° 1500 2000 of these particles were measured yXAS; by comparison
®) (nm) with standard material, it is deduced that Fe is most likely to

FIG. 6. High-resolutionu-XRF line scans across an Fe8&anoprecipitate at be m,the_ form of 'ron_S”'C'de’ as _Shown In FIg(CB. .
a grain boundary in cast mc-Si with 200-nm beam size and 50-nm step size. ~ Like in cast material, the spacing and average size of the

The Z dimension corresponds to the crystal-growth direction of the castiron silicide precipitates along the grain boundaries of this
multicrystalline silicon ingot, whileX andY are perpendicular to the growth material were significantly homogeneous. The particle den-
direction, as shown in Fig. 1. While these particles appear thin and symmet-. . .
ric in the dimensions oK [shown in(b)] andY (not shown, indicating that Sity along .the surface of the grain boundaw was Qetermlned
in these dimensions the particle is equal to or smaller than the beam sp@ be within the range of1—2) X 10’ cm2, by counting the
size of 200 nm, th& dimension(along the growth directiorshows a rather number of particles in thw-XRF image of Fig. &;) and
abrupt increase followed by a tailing off of the Fe concentration. A possiblecqngidering the extinction distances of incoming and outgo-
formation mechanism for these Fe8anoparticles is discussed in Sec. V B. . . L .
ing x-rays in Si, yielding an average spacing of 2@
between neighboring particleéNote that this value for the

IV. RESULTS: SHEET MATERIAL particle density along grain boundaries is consistent with the

As only the metal clusters that remain after device pro-
cessing directly affect the performance of the solar cell de-
vice, a sample from as-grown sheet material was subject tc
an aluminum gettering sequence for 4 h at 800 °C to simu-
late intense processing. A coarse XBIC s¢Big. 7) over the
front surface(the side opposite to the growth substrate and
aluminum layer, i.e., closer to the hypothetigah junction,

700

@

150

-
(&,

6

Y
o

@
c
e
2
£

microns

35

o

13

0

were this material to be fabricated into a solar cell the 0 0 5 10
sheet material sample reveals two prominent features of low® () mlcrona
minority-carrier diffusion length that have persisted despite Fe}l}ét)x(?(;:s/s) 510 Fo.l5
the Al gettering treatmenta) strongly recombination-active L osli=rws d2 g
grain boundaries, appearing as dark lines in Fig. 7, @nd § ~Fe20s Std
localized intragranular defects, appearing as dark dots withir £%%1 - 1883 /
the grains of Fig. 7. 204 o
©-XRF point spectranot shown reveal Fe present at go2 -‘/
both these locations, with a small contribution from Cr in the . e

case of certain intragranular defects. High-resolufieKRF TR @ " TNl T

maps reveal that the intragranular defects are irregular in

shape and consist of an agg|0meration of many nanopafG. 8. (a, b u-XRF maps of the Fe distribution within typical intragranu-
ticles. as shown in Figs (8) and ﬂb) In the spaces between lar defects in sheet material, noted by points of lower XBIC signal in Fig. 7.

. ! ' ’ . . These defects consist of irregularly shaped, micron-sized clusters of Fe
intragranular defects, where the XBIC signal is higher, NOjanoprecipitatesic) u-XRF map of Fe nanoprecipitatésadii ~23+5 nm
Fe-rich particles are detected. These intragranular defectsthin a typical grain boundary, shown in three-dimensiof2) (above
may consist of iron precipitated at voids and their associatednd in two-dimensional2D) projections(below). Despite the small size of

dislocation bunches. which are known to exist in thisindividual Fe nanoprecipitates, they are estimated to contain a considerable
’ fraction of the total Fe content in this sample due to their high spatial

- 118,30 . .
mate”aL T_he gran boundf_i”e§ are also deco_rated by Fegensity(see Table Il. (d) The chemical state of the Fe nanoparticles shown
rich nanoparticles, as shown in Figc8 The chemical states in (a-0 is revealed byu-XAS to be most similar to Fegi
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02 FIG. 10. High-resolutionu-XRF mapping reveals the Fe, Ni, and Cr distri-

E 5 A 1 butions at a large defect cluster in the as-grown sheet material. The entire

S 0 = - s : defect cluster spans many tens of microns, with a few hundred microns
50 55 6.0 6.5 70 75 between clusters. Because of the low spatial densities, such clusters are

(a) Energy (keV) deemed to have a relatively small direct impact on device performance.

However, they may have a large indirect effect, via the dissolution of Fe and

< 1.0 formation of many smaller, more distributed FeBanoprecipitates. Thus it

f_g is not the total metal content, but its distribution, that can limit the material

g 0.81 performance.

‘g

= 0.6 1

e - —— FeSi2 Standard The morphology of theséCr+Fe+Nj-rich clusters be-

g o Emig;’g:; comes evident through higher-resolutignXRF mapping.

go.z- --- - - Back Spot 1 Shown in Fig. 10 is a high-resolution image of one such

s 00 —Backspal2 cluster near the rear surface of the sample. The clusters typi-

L0705 740 745 720 795 7.30 cally consist of various smaller particles, each measuring

(b) Energy (keV) some <2—-5um in diameter, which are agglomerated in

FIG. 9. (a) Time-normalizedu-XRF point spectra of Cr/Fe/Ni-rich par- Ioosely packed clusters measuring .l'lp to 50200 across.. )
ticles in the front and back sides of an as-grown sheet material sample. Thg-XAS measurements on at least five of these clusters indi-

similar composition of these particles is noted, although the particle on the:gte that Fe is present as Fg%is shown in Fig. ®).
back surface yields a larger XRF signal, indicating more metals are present. It t al b ti d that Fe-rich cluster id
(b) The chemical state of the Fe in such particles found on both the back and must also be mentione at one Fe-rich cluster iaen-

front surfaces of the sample is revealed/byAS to be FeSi. The coinci-  tified by u-XRF mapping deviates significantly from the oth-

dence of these three metals in the observed proportions suggests contar@irS in terms of morphology composition and chemical state.
nation by stainless steel; one can conclude from gh¥AS spectra that ’ '

these particles were likely introduced in a metallic form, and not as oxides.] NiS large Fe-rich particle detected near the rear surface of
the as-grown sample measures up tqu2b in diametefFig.
value of 2x 10’ cm™ obtained by Luet al® on a similar 11(a)], and contains no Cr nor Ni above the detection limit.
sample via etch pit countingThe average iron content of |n addition, theu-XAS spectrum of this particle clearly in-
each of these precipitates at the grain boundaries was detjicates the presence of J& [Fig. 11(b)]. The overall den-

mined, by comparison with standard material and use of Eqgjty of these particles is believed to be rather low, given the

(1), to be(0.69-2.1x 10° Fe atoms. Per Eq2), this would sighting of only one such particle in a scan area of several
correspond to a radius of 23+5 nm, if assumed spherical.

Another sheet material sample—which was not subjec[nmz' N . .
to an aluminum gettering treatment—was etched severely, To summarize, |_n thesg sheet material samples, wo dis-
removing 25um from the front and back surfaces. Large UNCt classes of Fe-rich particles have been obser@dron
metallic clusters consisting of Fe, Ni, and Cr could be deSilicide nanoprecipitates, present in higher densities at the
tected on both sides of the sample hbyXRF. Large areas grain boundaries and intragranular defect clusters,(ahd
(1x2 mm?) of the front and back surfaces were scannedower density of micron-sized particles, either consisting of
with u-XRF with a spot size of X7 um?, so as to deter- elements suggestive of stainless ste&+Cr+N) or oxi-
mine the spatial density of the intragranular defects. It waglized iron.
found that while the relative composition of these particles
remains largely the samsee Fig. 9, their spatial densities
are remarkably different. While towards the back surface of

p-XRF: 1.0
the wafer(the side facing the substrate and the last to crys- s o T os| ——resesa
tallize) nearly 30 such particles were observed within the 1 4« § - ke
X 2 mn? scan area, towards the front surfdtiee side facing 5« 3> '
away from the substrate and the first to crystajlizess than &, EoY Fesey
10 were detected. In addition, the clusters detected on the |, 5 02 A
front side appeared less stronglyirXRF mapping, indicat- . E oo i

30 40 50 60 710 711 712 713 714

20
microns (b) Energy (keV)

ing lower impurity concentrations. This can also be observedg) ° *

when comparing time-normalizeg-XRF point spectraFig.

9(a)]. It is also worth noting that the relative concentrationsFIG. 11. (aL u-XRF a_nt: (t,i? M-X?SI of an_oxid;ziq iron _plarticlle in an A
H H . as-grown sheet material. Note the large size of this particle relative to the

of the three metals shown in Flg(ag. (Cr, Fe, and Ni ar.e iron silicide nanoprecipitateprigs. 3b) and 8a)—-8(c)]. Such a particle,

nearly the same as those reported in NAA anal‘ﬁ/wsthls

i with a large size and oxidized chemical state, is most likely to be an
material. inclusion.

Downloaded 25 Mar 2005 to 128.32.113.135. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



074901-7 Buonassisi et al. J. Appl. Phys. 97, 074901 (2005)

since the iron—oxygen binding energy is much weaker than
Foreign < External that of silicon—oxygen, and thus iron cannot “out-compete”
- Particles Sources silicon for the oxygert* (For additional discussion regarding
Silicon \:tFe_D'S"s?'Vi;’  &——of Metals the formation of oxidized metal compounds in Si, see Ref.
et i Aok particulate| ~ 32) However, an Fg0; particle inserted into the silicon melt
Crystal A A &d’ssto’l"?d should retain its structural integrity for a limited time, as the
(warm) Precipitation Segregation fmZE;SZ' melting temperature of K, is approximately 1565 °C,
impurities Directlyfrom W to Structural| =575 B2 about 150 °C above the melting temperature of Si. Never-
bl Melt Dissolved efects | Production Al g p_ . ’ .
H atomically < )) equipment, theless, because molten Si is a reactive environment, it is
in Crystal growth extremely likely that these particles will, over time, be
surfaces, .
_____ Sic etched away by the melt and lead to the formation of smaller,
Crystal| | more distributed iron silicide particles.
Homoge- f a limi f iron dissolves from i id
(cool) g If a limited amount of iron dissolves from iron oxide
Fe Point neously . S .
distributed particles, then it is likely that an even greater amount of iron
Defects v Istribute . I . N,
along should dissolve from large metallic iron and iron silicide
- Precipitates  giryuctural : : ; ;
Inclusions e particles, given thata) the melting temperatures of iron—
(Fe silicide) defects - . . .
silicon alloys are below that of silicoft,and (b) the binding

energy of iron atoms to a metallic iron or an iron silicide
FIG. 12. Graphical representation of Sec. V A-V C, showing the origins Ofparticle is weaker than to an iron oxide parti%l@he |arge
Fe contamination in mc-3Bec. V A), the physical mechanisms responsible . . . '
for incorporating large amounts of Fe into the mc-Si material when warm,_mlcron'SQEd(F_e-'-_Cr-" Nj-rich Clus'[e_rs Observeq by-XRF
i.e., temperatures at which impurity atoms are mok8ec. V B, and the  in sheet materialFig. 8), the compositions of which are very
formation mechanisms of the Fe-rich clusters one observes in finished me-Siimilar to stainless stedlFig. %a)], were determined by
material (Sec. V Q. Two types of Fe-rich cluster are observed in the fin- -XAS to be composed of FeSiFig. 9b)]. One can con-
ished material: inclusions of foreign particles introduced into the melt, and/'LI de th his i likel ; d. di h |
iron silicide nanoprecipitates formed from dissolved iron. Note that the par-C ude t a.t t 'S_'ron was most ' ely mFro uce |nt.o the met
tial or complete dissolution of the former can contribute to the formation ofas metallic stainless-steel particles, given that oxide particles
the latter. are expected to survive the rapid crystallization process. It
thus seems very plausible that Fe can dissolve from the
micron-sized, unoxidizedFe+Cr+Nj-rich clusters during

crystal growth and subsequent processing, contaminating
A. Origins of metal contamination in mc-Si nearby structural defects.

Based on experimental evidence herein and on other re- The inclusions of large particles show variations in their

ports in the literature, one deduces that the origins of metal§he€mical and elemental compositions, indicating a variety of
in most mc-Si materials likely include some combination of©1gins. These particles may originate from the feedstock or

the following: metals dissolved in the silicon feedstock, for-furnace parts, as suggested by the observations of stainless-
eign metallic particles introduced with the feedstock, metal$te€l inclusions. However, those are not the only possible
originating from furnace or production equipment, and met-SCUrces of iron. Recent results by Rirébal™ suggest that

als diffusing from the walls of the crucible or growth sur- F€ d|ffuse§ in from the Wal_ls. (_)f the casting cruuble after the
faces. Figure 12 presents a pictorial summary of these prd:ast mc-Si crystal has solidified but before it has cooled. It
cesses. As indicated by the arrows emanating from the righfust be remembered that iron is present in the silicon nitride
hand side of Fig. 12 and into the melt and warm crystalCrucible lining typically in concentrations as high as ppm.
metals can be introduced at various stages of the mc-dmpurities likely diffuse not or_1|;_/|nto the finished crystal but
crystal-growth process. The following paragraphs exploré’"so into the melt, thereby raising the Fe content of the melt

the experimental evidence that leads to these conclusions.&nd contributing to Feginanoprecipitate formation.
The hypothesis that foreign particlésriginating from While impeding the introduction of metals into the melt

the feedstock, production equipment, gtre incorporated via the fgedstock, production eqqipment, and/or growth sur-
into the melt is substantiated by theXRF observations of a faces will undoubtedly lead to improved materials, often

few metal-rich particles of unusually large sizkgpically there are certain limits imposed by economics, materials sup-
=1 um, see Figs. 10 and (4, and Table ). All of these pliers, or crystal-growth conditions. Other strategies must be

large particles observed have one or both of the following?€veloped in parallel to limit the impact of metals on device
additional characteristicsa) the coincidence of iron with Performance. These require an understanding of how large

large amounts of othdpften slowly diffusing metal species @mounts of metals are incorporated into me-Si, how metal-
(e.g., Ca, Ti, Cr, Mn, Ni, etg, the relative proportions of rich clustgrs are formed, and how thelr distribution impacts
which allude to certain steels or ceramfesg., Figs. §), he electrical properties of the material.
10, and %a)]and (b) an oxidized chemical stafe.g., Figs.
4(b) and 11, and Table]l

This last point is a significant indicator of foreign par-
ticles being included in the melt, as it is currently believed  As shown in Fig. 12, there ar@t least five pathways
that oxidized iron compounds are not thermodynamically fafor incorporating Fe into the warm mc-Si materiéd) direct
vored to form under equilibrium conditions within silicon, incorporation of incompletely dissolved foreign metal-rich

V. DISCUSSION

B. Incorporation of large amounts of Fe into mc-Si
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particles into the crystal as inclusiortb) direct precipitation  when the convective flows in the melt are not sufficient, the
of locally supersaturated iron from the melt) segregation impurity concentration at the solid-liquid interface increases
of metals dissolved in the melt to structural defe¢th,in-  as impurities are rejected from the crystal into the melt. Once
corporation of dissolved Fe in the melt into single-crystallinethe impurity concentration at the interface reaches a critical
regions of the material as fFand (e) diffusion of Fe from level, any small perturbation of the interface can result in the
the growth surfaces into the solidified, but still warm, crystal.precipitation of the metal silicide directly into the crysﬁ(ﬁg

The latter two mechanisnigl and @ are rather limited in ~ While the convective flows within the melt during the cast-
their potential to introduce large amounts of Fe into mosting process are not likely to allow impurities to reach critical
mc-Si materials. Mechanisite) only affects the border re- levels at the planar interface, this might not be the case near
gions of the crystal? For ribbon or sheet materials only grain boundaries. It is known from the work of Abrosimety
fractions of a millimeter thick, however, this may be a mo- al*°that a grain boundary reaching the solid-liquid interface
tive of concern as the impurity species is more likely tocauses a localized distorti¢dip) to occur at the solid-liquid
diffuse through the entire thickness of the material. As far asnterface. It is conceivable that impurities within this dip
mechanisnt(d) is concerned, simple equilibrium segregation may be more sheltered from the convective flow of the melt,
models alone cannot account for the fact thatwhereinthey may be able to reach critical concentrations and
10-10' cm2 Fe (Ref. 4 is present in mc-Si materials. Pprecipitate directly. The morphology of iron silicide nanopre-
Were the amount of Fe incorporated into the final crystafcipitates along grain boundaries in cast mdf3g. 6a)] in-
determined simply by the segregation of iron from the meltdicates an abrupt onset and a gradual decay, which may be an

into single-crystalline regiongas defined byks;=8x 107, indication that locally supersaturated iron at the solidification
i.e., the ratio of Fe solubilities in the melt and in single- front precipitates abruptly and tails off. .
crystalline silicon, from Ref. 36 this would imply that the The last mechanismpathway (c)] enabling large

melt at the solid-liquid interface contained as much as@mounts of iron to be incorporated into mc-Si is the segre-
0.01%-1% Fe! If, in fact, this much Fe were present, instagation of metals to structural defects. It is known that the
bility in the solid-liquid interface would arise, and certainly Solubility of metals in polysilicon is much higher than in
columnar crystal growth with centimeter-sized grains wouldsingle-crystalline  silicon,  especially ~ at  lower
not proceed as desired in the case Of cast mc-Si_ temperatureé%‘A'ZThiS can be eXplained by the interaction of
The first three mechanisms described in the first parametals with dangling or reconstructed silicon bonds in struc-
graph of this Sectiommechanisms a, b’ and can account tural defectie.g., grain boundarié,sas well as the reduction
for large amountsparts per billion/million of iron being  ©f strain energy from impurities agtt‘gng in a distorted silicon
incorporated into mc-Si. Evidence for mechaniga), the lattice near the structural defeéfs***Iron incorporated via
inclusion of foreign particles, is provided by theXRF and this mechanism could either remain homogeneously distrib-
u-XAS observations of oxidized iron and suspectedUtEd along grain boundaries, below the detection limit of
stainless-steel particles in the finished material. During crysk-XRF, or could perhaps diffuse along grain boundaries and
tal growth, foreign particles in the melt can become trapped‘?rm iron silicide nanopr_eupltates. This hyp_oth_e3|s is con-
at interruptions in the solid-liquid interface caused structurafiSteént with the observation 9“0_14 Fe cn® distributed as
defects such as grain boundaries, instead of being pushé&ficide nanoprecipitate along grain boundaries in cast me-Si,
forward in the melt by a uniformly advancing solidification Which is the same amount of iron estimated to atomically
front. Faster growth velocities tend to trap larger partiéfes. S€gregate to the grain boundaries at higher temperafres.
Thus, stainless-steel and iron oxide inclusions in fast-grown
sheet materiglFigs. 10 and 1(a)] are typically much larger
than those found in slowly grown cast mc-8fig. 2(b),
Table I). Furthermore, the density and average size of sus- During sample cooling, supersaturated dissolved metals
pected stainless-steel particles in sheet material are largéend to precipitate at existing defect clusters or form new
towards the back sidéhe last to solidify of the material ones*~*°The actual processes leading to precipitate forma-
(Fig. 9), evidence for a so-called “snow plow” effett. tion during cooling are complex and not entirely understood,
As iron-rich particles in contact with the melt dissolve, but available dafd suggest that metals supersaturate faster
the dissolved iron content in the melt increases. Furthermordi.e., have a stronger temperature dependence of solybility
as crystal growth progresses, the segregation of metals fromithin the regions of the material with fewer structural de-
solid to liquid silicon causes an increase of the metal contenfiects compared to the regions with elevated amounts of
in the melt, more noticeably at the solid-liquid interfacke-  structural defects. Therefore, a strong driving force exists for
pending on convective flows in the melf*® When high  supersaturated metals within single-crystalline regions to ac-
metal contents are present in the melt, mechanignsnd cumulate at the grain boundaries and other structural defects
(c), described in the first paragraph of this section, can resulduring sample cooling. Initially, the distributions of metals at
in the incorporation of large amounts of iron into the final structural defects may be very homogeneous, as described in
crystal. the discussion on segregation in Sec. V B. Eventually, how-
The direct precipitation of iron from the mdlpathway ever, metals homogeneously distributed in the vicinities of
(b)] can only occur in special conditions, namely, when thestructural defects will also reach critical concentrations, in-
impurity concentration in the melt reaches a critical level, aglucing precipitation and leading to the formation of iron sil-
to promote the onset of a second phase. It is known thatide clusters. With slow cooling rates and high metal con-

C. Precipitation of dissolved Fe during cooling
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TABLE Il. Iron concentration contained in each type of defect, as determined from standard-calpbPdE¥e
maps. The larger clustefsclusions could be up to several microns in size. However, these were often found
in either very low or variable spatial densities, thus contributing to fiegh., oxide inclusions in sheeand
widely varying (e.g., stainless-steel inclusionglues of calculated local iron concentrations.

Local iron concentratioricm™3)

Type of defect Cast material Sheet material
Iron silicide nanoprecipitates at grain (1-3 x10* (0.4-2 x10'5
boundariege.qg., Figs. &) and &c)]
Iron oxide inclusionge.g., Figs. th) and 11a)] 5.2X 10%-2.3x 106 6.4X10%-4.1x 108
Stainless-steel inclusior(e.g., Figs. 9 and 10, and Not observed 2.3 10%-4.2x 10"
Table )
Iron silicide nanoprecipitates at intragranular Not calculated (0.1-3 x 106
defect clusterge.g., Fig. 8a) and 8b)]
Total average iron contéht (4.0-4.7 x 10" (0.87—-1.6x 106

*Total average metal content is determined by neutron activation anéReis4 on similar material.

centrations, a few “large(tens of nanometer diamejanetal  high metal contents in these materials, contributing both to
silicide precipitates are expected to form. On the other handjigh NAA measurements and to the formation of other dis-
faster cools offer less time for supersaturated metals to diftributions of iron, such as silicide nanoprecipitates and point
fuse and form large clusters, thus favoring a more homogeefects.
enous distribution of metals along structural defects, either A slightly less, but comparable amount of iron is con-
atomically or as smaller precipitatg%.'l'his dependence of tained in silicide nanoprecipitates. Despite their small size,
precipitate size on cooling rate is reflected in the two matethese particles can be present in very high densities at struc-
rials analyzed: cast mc-Si is cooled very slowly and formstural defects, thus accounting for a large fraction of the total
relatively larger iron silicide nanoprecipitates with largeriron. Note that all types of cluster detected hyXRF con-
spacing in between compared to sheet material, which ifin significantly more iron per unit volume than point de-
grown and cooled comparatively quickly, exhibiting nano-fects, determined in comparable material in other stutiies.
precipitates of closer spacing and smaller average size d@&evertheless, concentration comparisons may be somewhat
spite a total Fe content of one to two orders of magnitudemisleading when gauging the total impact of iron on device
higher than the caét. performance since it is the distribution of iron and not nec-
essarily its total concentration that can have the more severe

D. Estimation of iron concentration in different types impact on minority-carrier diffusion length.

of defects
E. Impact of iron distribution on minority-carrier

Standard-calibratedi-XRF data can be used to deter- .
diffusion length

mine the total amount of metals in iron silicide nanoprecipi-
tates and inclusions of foreign particljelsz.GThe spatial den- The same number of metal atoms can have a large num-
sity of such particles can be obtained frarXRF maps over  ber of unique spatial distributions. By simply changing the
large areas. By combining this information, one can deterdistribution of Fe impurity atoms, one can change the vol-
mine the local volume concentration of iron contained inume of material adversely affected by the impurity atoms,
different defect types. These data are presented in Table I§nd thus, their impact on device performant&his can be
for both types of material. understood by considering a hypothetical silicon sample with
As can be seen in Table II, high local iron concentrationsl0'* cm™® of Fg—Bg or Fg. The minority-carrier diffusion
were measured for inclusions of foreign particles. The lowlength in such a sample would be approximately 20 or
and variable spatial densities of such particles often led td0 um, respectivelﬁ.Now, let us assume that these iron at-
high and widely varying local iron concentrations. For ex-oms are allowed to diffuse towards one another and form
ample, if one 25am-diameter iron oxide particle is detected precipitates of iron silicide. If we approximate the new
within a 1x 1 mn? scan areg~7.3x 107 cm® scan vol-  minority-carrier diffusion length as the distance between
ume), the local Fe concentration is calculated to be as high aseighboring iron silicide clusters, then it is easy to calculate
4% 10'® cm ™3l Hence, for iron oxide particles in sheet mate- that if the same amount of iron forms precipitates with di-
rial, the local iron content measured hyXRF within ap-  ameters of 60 nm, the diffusion length would 580 um; if
proximately 0.4 mrd of material is higher than the NAA the precipitates with diameters of 350 nm form, the average
value$ obtained from several hundred mnin other cases, diffusion length would be~180 um, etc. One can quickly
such as stainless-steel inclusions in sheet material, the locaée the pattern: with increasing average precipitate(size
iron content varied widely, depending on the location withindecreasing density of precipitajeshe minority-carrier dif-
the material and the distance from the front or back surfacedusion length increases. It can thus be concluded that it is the
Nevertheless, one may conclude with reasonable confidenahstribution of metals and not their total bulk concentration
that the larger inclusions are one of the likely origins for thethat affects device performance in mc-Si.

Downloaded 25 Mar 2005 to 128.32.113.135. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



074901-10  Buonassisi et al. J. Appl. Phys. 97, 074901 (2005)

Atomically dissolved iron has the highest recombinationthose bad regions. Despite the small direct impact on device
activity per iron atom, and therefore is the most dangerouperformance, these micron-sized metal-rich clusters may
state of iron in the solar cell. However, typically only a small have a largéndirectimpact on device performance, provided
fraction of total iron is found in the interstitial or dissolved that metals can dissolve from these clusters and create the
state. The rest of iron is precipitated. Smaller, more distribsmaller, more distributed iron-silicide nanoprecipitates.
uted iron silicide nanoprecipitates also have a large impact
on cell performance due to the higher total amount of iron invl, SUMMARY AND CONCLUSIONS
this distribution and the small distance separating adjacent oL . . .24
clusters. This is substantiated by the correlation between the .Quantltatlve,u-XRF, n agrgement W't.h NAA §t_ud|e35,
recombination-active grain boundaries shown in XBIC im. INdicates that the majority of iron found in mc-Si'is located

ages of Figs. @), 3(@), and 7, and the presence of metal in metal-rich clusters. The iron-rich clusters detected and
silicide precipitates separated by distances of only a few mignalyzed in this study can be divided into two distinct

crons [Figs. 2b), 3(b), and 8c)]. A model developed by groups: iron silicide nanoprecipitates and micron-sized inclu-
Fedotovet al®2 p,)redic,ts that when the distance separatin sions. Based on the compositions of these particles, we de-

g . oo e .
neighboring recombination-active clusters along a grainduce that the main sources of Fe contamination in mc-Si are

boundary is less than the minority-carrier diffusion Iength'ron particles introduced into the melt from the feedstock,

within the grains, the grain boundary becomes noticeabl rovyth surface;, and fumac_e en\_nronm.ent.. Some of these
recombination active for minority carriers. This appears in_pamcles experience only limited dissolution in the melt and

deed to be the case, as the minority-carrier diffusion Iengtf?eco.me trappgd durmg crystgl grqvvth. These are present in
o . . : . . ¥ the final material as micron-sized inclusions. Other particles
within the grains of this region of the sample is determined

from LBIC measurements to be50 um, while the distance dissolve significantly or completely, contributing to high iron

. . . . . contents in the melt. Iron silicide nanoprecipitates likely
separating neighboring Fe-rich clusters can be as little as frm from dissolved iron incorporated into the crystal via
few microns. In addition, recent illuminated lock-in

thermograph?f’ (LT) or light-modulated  lock-in segregation to structural defects followed by precipitation,

. . direct precipitation from the melt, or precipitation of dis-
4 3
thermography" (LimoLIT) measurement techniques devel- solved iron inside the crystal.

oped simultaneously_ by Fraunr_]ofgr ISE and the_ University The impact of metal clusters on solar cell performance
of Konstanz, respectively, have indicated that grain-boundar trongly depends on their spatial distribution. Homoge-

recombination is one of the most dangerous mhomogeneoq,?eously distributed, recombination-active nanoprecipitates

Eower-lossd_tr_ne%girél_srmg n mc-ﬁ: SOI?r Cel:lsdop_eratmg Irlt,eparated by only a few microns have a much greater impact
~sun conaitions. O Improve the solar Celt device per- ,, e minority-carrier diffusion length than micron-sized

formance, it is of great interest to understand how to eﬁec'clusters separated by several hundreds of microns, even if the

tively passivate or increase the average distance Separat"f'(gtal amount of iron contained in these two distinct defect
metal-silic_:ide nanpprecipitates as mugh as pos.sible. Simu,lt"i‘i/pes can be comparable. In consequence, it is realized that
neously, it is desirable that the density of grain boundariege jron silicide nanoprecipitates have the greater direct im-
within one minority-carrier diffusion length of the-n junc- 54 o1 device performance. While the larger, micron-sized
tion be as low as possible, a modification only possible iNgg rich clusters and inclusions have a small direct impact on
certain ma_tenal:ieg., sheet mater!)al device performance because of their low spatial density, they
Following similar reasoning, intragranular defects can, e pejieved to have a large indirect impact, since dissolved
also have a large negative impact on the minority-carri€fo from those larger clusters can contribute to the forma-
diffusion length, which varies with the average distancejon of jron silicide nanoprecipitates. Improvements to solar

separating adjacent intragranular defects. This effect can Rg|| gevice performance are expected if metals can be engi-
observed in the XBIC map of Fig. 7, wherein intragranularneereq into distributions that impact device performance

precipitategsuch as those shown in high-resolutigliXRF o5 namely, by reducing the spatial density of metal-related

in Figs. 8a) and 8b)] appear as localized dark points. Areas jefects(precipitates and point defegtwithin one minority-

con.ta.mmg higher den§|t|es of these mtrggranular defects alsgyrier length from the-n junction.

exhibit lower XBIC signals. As these intragranular defect

clusters appear t(_) consist of iron preC|p|tat¢d at the 'nte_maACKNOWLEDGMENTS
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